Multiple myeloma (MM) is characterized by the accumulation of malignant plasma cells in the bone marrow (BM). The introduction of novel agents that include thalidomide, bortezomib (bz) and lenalidomide into the treatment of MM has significantly improved response, progression and survival rates. 1 However, in spite of these improvements, MM is still regarded as incurable as the vast majority of patients will eventually relapse and die of therapy-refractory disease. One possible explanation for disease relapse is the persistence of distinct tumor populations resistant to current therapies. According to current models, cancer stem cells or tumor-initiating cells represent minor subpopulations of tumor cells that possess the capacity to recapitulate tumors in vivo upon transplantation as well as increased drug resistance. 2 In previous studies, MM has been found to consist of a heterogeneous mixture of cells. CD138-positive (CD138 þ ) plasma cells form the tumor bulk, but studies tracking tumor-specific immunoglobulin heavy chain rearrangements have also identified relatively rare CD138-negative (CD138À) clonotypic idiotypepositive (Id þ ) memory B cells. 3 In human MM this minor population of CD138À has been found to be highly tumorigenic in immunodeficient NOD/Scid mice and relatively resistant to many drugs compared with CD138 þ plasma cells. However, other studies have demonstrated that tumor cell engraftment and growth is restricted to CD138 þ plasma cells in the SCID-Hu mouse model. 4 Therefore, the expression of CD138 by tumorigenic MM cells remains controversial. It is possible that these disparate findings are because of the xenografting models used to study human MM. Therefore, we investigated the functional properties, including clonogenic growth, engraftment potential and drug resistance of CD138À and CD138 þ tumor populations in a more physiological context by studying the syngeneic immunocompetent 5T33 MM mouse model of MM.
We have previously characterized the 5TMM model and found that it recapitulates the critical interactions between MM tumor cells and the BM microenvironment.
5 5T33 MM cells were originally obtained from elderly C57Bl/KaLwRij mice that spontaneously developed MM and have been continuously propagated by serial syngeneic transplantation into young unaffected and immunocompetent mice. We isolated 5T33 MM cells from the BM of affected mice by flushing hind limb long bones and crushing vertebrae followed by the depletion of CD11b þ myeloid cells using magnetic-activated cell sorting. CD138 expression of purified 5T33 MM and 5TGM1 cells, an in vitro growing cell line derived from 5T33 MM cells, 6 was analyzed by flow cytometry. Similar to previous reports of human MM, Id þ 5T33 MM cells heterogeneously express CD138 (Figure 1a) . The majority of the cells in each line are CD138 þ , but small populations of 5T33 MM (6 --15%, Figure 1a ) and 5TGM1 (5 --7%; data not shown) are CD138À. We sorted 5T33 MM cells by FACS into Id þ CD138 þ and Id þ CD138À populations and found that both fractions express identical V H transcripts by RT-PCR confirming their clonal relationship (data not shown). The absence of CD138 may either reflect a less-differentiated state or shedding of CD138 from cell surface during apoptosis, therefore, we analyzed the differentiation status of CD138À and CD138 þ cells by real-time Q-PCR for transcription factors involved in the differentiation of normal B cells to plasma cells. In both 5T33 MM and 5TGM1 cells the expression of B-cell lymphoma 6 characteristic of B cells was greater in CD138À cells than CD138 þ cells whereas B-lymphocyte-induced maturation protein 1, X-box binding protein-1 and Interferon regulatory factor 4 characteristics of plasma cells were greater in CD138 þ than in CD138À cells (Figure 1b and c) . These findings are similar to the identification of a less-differentiated CD138À population in the human MM cell line RPMI8226 cell line after coculture with stromal cells. 7 We previously identified a novel gene profile in 5T33 MM cells that overlaps with self-renewing embryonic stem cells and is epigenetically silenced by the Polycomb repressive complex 2 (PRC2). 8 Activating mutations or overexpression of PRC2 components have been reported in hematopoietic tumors including CD138 þ MM plasma cells. 8, 9 We examined the expression of active components of the PRC2 complex EZH2, SUZ12 and EED in CD138 þ and CD138À 5T33 MM cells and detected similar expression of the PRC2 complex in each cell population (Figure 1d ). Therefore, CD138À and CD138 þ cells within 5T33 MM and 5TGM1 MM may express both distinct differentiation and similar self-renewal programs.
We next investigated the clonogenic growth capacity of CD138À and CD138 þ cells in vitro and in vivo. Sorted 5T33 MM and 5TGM1 cells (490% purity) were evaluated for colony forming potential by plating in methylcellulose (5 Â 10 4 cells per ml). CD138À cells were found to generate less tumor colonies compared with CD138 þ cells in each cell line (Figure 1e ). We also injected sorted 5T33 MM cells into C57BlKaLwRij mice at different cell concentrations to examine tumorigenic potential. Recipient mice were killed following the development of symptoms and MM engraftment was confirmed by the detection of paraprotein in the serum and by the identification of malignant plasma cells within the BM on May-Grü nwald-Giemsa stained cytospins (results not shown). Figure 2a demonstrates that both populations were capable of initiating MM growth in vivo, although with some delay in the engraftment of the CD138À population compared with CD138 þ cells. Therefore, both CD138À and CD138 þ cells are clonogenic in vitro and in vivo with the CD138 þ population exhibiting a higher frequency of tumorigenic cells. These results are similar to previous studies demonstrating that both CD138À and CD138 þ cells within human MM cell lines are clonogenic. 4 In contrast, the engraftment of primary clinical specimens is restricted to CD138À cells in NOD/Scid mice and CD138 þ cells in SCID-hu mice. 4, 10, 11 Therefore, the tumor-initiating potential of MM cells is likely to be dependent upon the specific in vivo model utilized, and both CD138À and CD138 þ MM cells are important for MM growth in a syngeneic immunocompetent model dependent on the BM microenvironment.
These findings suggest that both CD138À and CD138 þ cells contribute to disease propagation and should be considered when developing novel targeted therapeutical strategies for MM. We investigated the sensitivity of 5T33 MM CD138À and CD138 þ cells to several drugs currently undergoing clinical testing in MM. We plated sorted cells in 96-well plates (1 Â 10 3 --10 Â 10 3 cells per well), treated with the proteasome inhibitors bz and MG132, the HDAC inhibitor LBH589, and the HSP90 inhibitor 17AAG, then quantified cell viability (Figure 2b ) and caspase 3/7 activity (data not shown) after 20 h. We found that 5T33 MM CD138À cells were less sensitive than CD138 þ cells to all of the drugs studied (Figure 2b) . Similarly, CD138À 5TGM1 cells were more viable after bz treatment than CD138 þ 5TGM1 cells (57±19 vs 11 ± 5%; data not shown). Furthermore, sensitivity to melphalan and the immunomodulatory drug lenalidomide was investigated on 5TGM1 subsets. In accordance with bz, CD138À 5TGM1 cells were more viable than CD138 þ 5TGM1 cells after treatment with melphalan (52±8.5% vs 9±5%) and lenalidomide (60±14% vs 14 ± 8.7%). We also examined the phenotype of 5T33 MM cells after in vivo treatment with bz (0.6 mg/kg, subcutaneous, 2x per week, starting 1 week after injection). Compared with a vehicle control, a tumor reduction of B47% was observed in bz treated mice, and the percentage of viable (7AAD-) CD138-5T33 MM cells was significantly increased (Figure 2c ). Taken together these results indicate that CD138À cells are less sensitive to treatment both in vitro and in vivo. In human MM, increased STAT3/ERK1/2 signaling in CD138À cells has been suggested to be involved in the relative drug resistance of this population. 4, 7 Our results suggest that the tumor-initiating potential of MM cells is not dependent on the expression of CD138 alone, but that both CD138À and CD138 þ cells are important in MM pathogenesis. This notion is supported by a recent study suggesting that CD138À plasma cells in MM clinical samples are more immature and proliferative. 13 From our study, it seems that the CD138 þ population is enriched for clonogenic MM cells, as it displayed increased clonogenic and tumor-initiating capacity than the CD138À population. This hypothesis is supported by the fact that populations with stem cell characteristics, identified by side population and aldehyde dehydrogenase assays, are predominantly (497%) CD138 þ (data not shown). It is possible that CD138À cells are increased in selfrenewal and long-term proliferative potential as previously described, but we did not detect significantly enhanced ability to form colonies during serial plating in methylcellulose (data not shown). In addition, CD138À and CD138 þ myeloma cells display differential sensitivities to drugs with CD138À cells relatively resistant compared with CD138 þ cells. Therefore, future studies in MM examining potential therapies and drug resistance should include not only purified CD138 þ cells but also CD138À cells. 
